Abstract. Spectrally resolved confocal microscopy and fluorescence lifetime imaging have been used to measure the polarity of lipid-rich regions in living HeLa cells stained with Nile red. The emission peak from the solvatochromic dye in lipid droplets is at a shorter wavelength than other, more polar, stained internal membranes, and this is indicative of a low polarity environment. We estimate that the dielectric constant, ε, is around 5 in lipid droplets and 25 < ε < 40 in other lipid-rich regions. Our spectrally resolved fluorescence lifetime imaging microscopy (FLIM) data show that intracellular Nile red exhibits complex, multiexponential fluorescence decays due to emission from a short lifetime locally excited state and a longer lifetime intramolecular charge transfer state. We measure an increase in the average fluorescence lifetime of the dye with increasing emission wavelength, as shown using phasor plots of the FLIM data. We also show using these phasor plots that the shortest lifetime decay components arise from lipid droplets. Thus, fluorescence lifetime is a viable contrast parameter for distinguishing lipid droplets from other stained lipid-rich regions. Finally, we discuss the FLIM of Nile red as a method for simultaneously mapping both polarity and relative viscosity based on fluorescence lifetime measurements.
Introduction
There is a vast array of fluorescent markers available for selective staining of intracellular organelles. Organic dyes, typically small molecules with high quantum yields and emission bands ranging from the UV to the near-infrared, [1] [2] [3] [4] can be used to report on the physical properties of their surroundings, including membrane potential, 5, 6 polarity, 7, 8 membrane order, 9,10 viscosity, 11-21 ion concentration, 22, 23 and pH, 24, 25 as well as conformational changes in proteins, 7, 26 and also protein-protein interactions via Förster resonance energy transfer (FRET). 27, 28 Single probes that offer the possibility of simultaneously measuring multiple parameters are actively sought. 29 Nile red, a neutral lipid stain and an oxidation product of the dye Nile blue, 30 is a hydrophobic organic dye with absorption and emission bands in the visible spectrum. Nile red is sensitive to polarity, exhibiting solvatochromic shifts, with a redshifting emission spectrum in increasingly polar media. 31 It has also found use in monitoring conformational changes in polymers, 32 protein aggregation, 33 interactions of liposomes with cholesterol and phospholipids, 34 and for measurements in micelles. 35 Nile red is commonly used to probe lipidrich intracellular environments and, in particular, lipid droplets (LDs) for which it is a selective stain, 30 although this has typically been limited to fluorescence intensity imaging.
LDs act as a store for the cell's energy and contain neutral lipids including triacylglycerols in a core surrounded by a phospholipid monolayer. 36 In addition to diseases including diabetes being linked to an excess of lipids, 37 α-synuclein, a protein associated with Parkinson's disease, has been shown to bind to LD and influence lipid metabolism. 38 There has also been interest in the function of LD for the advancement of biofuels research. 39 Recently, research activity appears to have intensified due to the fact that LD have been shown to be dynamic organelles with more significant roles than merely lipid storage, 40, 41 including interactions with pathogens, as reviewed in Ref. 42 , and roles in mediating inflammation. 43 Despite this wide-ranging interest, there are still many unknowns regarding LD relating to their formation, budding in the endoplasmic reticulum (ER), cellular distribution, and mechanism of trafficking throughout the cell. 44 A greater understanding of the physical properties may help address some of the unresolved issues surrounding LD biogenesis.
By imaging the emission properties of fluorescent dyes, i.e., lifetime, wavelength, and polarization, it is possible to measure spatial variations in the chemical and physical properties of intracellular environments. By using Nile red, we are investigating intracellular variations in the dielectric properties of the stained regions. Differences in the intracellular dielectric properties may ultimately find use in monitoring LD biogenesis and protein interactions with LDs. Historically, a single, definitive measure of polarity has proved to be problematic with many empirical parametric scales having been reported in the literature, and in particular, those based on solvatochromic dyes have been authoritatively reviewed. 45 Essentially, the dielectric constant is a measure of the reduction of the electric field strength of a charged particle inside a solvent compared to free space. For Nile red, it is believed that after excitation, intramolecular electron transfer occurs and the resultant charge transfer state is responsible for the polarity-sensitive properties of the dye. 46 Local changes in polarity/dielectric constant may occur as a result of varying concentrations of solutes, 47 ion transport, and dynamic protein interactions. Variations in local polarity arising from interactions of amyloid oligomers with membranes have been linked to diseases including Alzheimer's. 48 Label-free mapping of the dielectric and conducting properties of cellular processes using electrochemical impedance microscopy has been reported recently. 49 We are interested in targeted polarity mapping of living cells using spectrally resolved and timeresolved fluorescence imaging of polarity-sensitive dyes that exhibit variations in their fluorescence spectrum and lifetime with varying polarity of their environment. Fluorescence lifetime imaging microscopy (FLIM) generates images where the contrast is solely due to the fluorescence lifetime. [50] [51] [52] [53] Spectrally resolved FLIM, [54] [55] [56] [57] or hyperspectral FLIM, 58 where fluorescence lifetime images are recorded at several wavelengths across the emission spectrum of the fluorophore, has also been used to report on samples labeled with multiple fluorophores, unstained tissue using endogenous fluorophores, 58 and multispectral imaging of FRET. 54 The Nile red spectroscopy literature contains within it data sets showing that for a homologous family of polar protic solvents, e.g., linear alcohols, an increase in the dielectric constant leads to a decrease in the measured fluorescence lifetime. 31, 59, 60 Recently, a bimodal probe comprising Nile red linked to boron-dipyrromethene has been used to measure the polarity and viscosity of the ER. 61 However, the explicit use of FLIM of Nile red to report on intracellular polarity has, to our knowledge, not been presented. FLIM is an attractive alternative to ratiometric intensity imaging, as the fluorescence lifetime is independent of the fluorophore concentration and the particular spectral sensitivity of the detection system.
In this paper, we present steady-state and time-resolved spectral data from Nile red stained lipid-rich regions, including LD in living HeLa cells. We demonstrate that these measurements reveal spatial heterogeneity in polarity within the cells. Nile red offers an advantage over other polarity-sensitive dyes like Laurdan, for example, as it does not require UV excitation, and single photon excitation using wavelengths above 460 nm can be used, yielding emission in the red region of the visible spectrum. We show that spectral fluorescence imaging can be used to distinguish between regions with different polarities based on emission peak wavelengths. Furthermore, we show that spectrally resolved FLIM of Nile red is an excellent technique for measuring variations in intracellular polarity with the concentration-independent fluorescence decay kinetics varying markedly as a function of emission wavelength. Using phasor plots of our FLIM data, we show that it is possible to use fluorescence lifetime to map heterogeneity in intracellular polarity and to specifically identify LDs. Finally, we discuss the implications of our FLIM data for simultaneous viscosity and polarity mapping using Nile red fluorescence lifetimes based on the excited state photophysics of the dye.
Experimental Methods

Preparation of Nile Red Solutions
Nile red (Invitrogen, United Kingdom) and all solvents were used as received with no additional purification. A stock solution of 1.5 mM Nile red was prepared by dissolving 2.5 mg of the powder in 5 ml methanol (Sigma-Aldrich, United Kingdom). Solutions of 3 μM Nile red were then prepared in methanol, ethanol, propanol, butanol, and hexanol (Sigma-Aldrich) by addition of 20 μl of the stock solution to 10 ml each of the solvent. A mixture of 60% V/V glycerol/propanol with a Nile red concentration of 3 μM was prepared to measure the time-resolved fluorescence response of a more viscous environment.
Absorption and Emission Spectroscopy
Absorption spectra of the solutions were measured in the range from 400 to 650 nm using a Hitachi U-4100 spectrometer, and emission spectra were measured between 510 and 800 nm using a FluoroMax spectrometer (Horiba Jobin Yvon Ltd., United Kingdom) or a Perkin-Elmer LS5 spectrometer with excitation at 500 nm. Solutions were measured in 10-mm pathlength quartz cuvettes (Starna Scientific Ltd., United Kingdom).
Time-Resolved Fluorescence Spectroscopy
The fluorescence decays of 3 μM solutions of Nile red in methanol, ethanol, propanol, butanol, and hexanol at 23°C were recorded at an emission wavelength of 640 nm by time-correlated single photon counting (TCSPC) using a FluoroCube system (Horiba Jobin Yvon Ltd.). Spectrally resolved fluorescence decays of the 3 μM Nile red in 60% V/V glycerol/propanol mixture were measured in 10 nm intervals between 580 and 650 nm. Samples were measured in 10-mm pathlength quartz cuvettes, with excitation from a NanoLED source at 482 nm with a repetition rate of 1 MHz and an optical pulse duration of <200 ps. The fluorescence passed through a monochromator before detection at the magic angle using a time-resolved detection module (TBX-04, Horiba Jobin Yvon Ltd.). Decays were recorded in a 50 ns window with a time resolution of 6.9 ps per channel. Fluorescence lifetimes were calculated by fitting the data to an exponential decay model in DAS6 software (Horiba Jobin Yvon Ltd.).
Cell Culture and Staining
HeLa cells (ATCC) were cultured in Dulbecco's modified Eagle's medium (Sigma-Aldrich) supplemented with pen/ strep (1%) and 10% fetal bovine serum (Biosera Ltd., United Kingdom) in an incubator at 37°C with a 5% CO 2 atmosphere. For staining, cells were transferred with the complete medium to a six-well plate as part of a micro-incubation system (SmartSlide 50, Wafergen) and with 20 μl of a 1.5 mM stock solution of Nile red in methanol giving a Nile red concentration of 7.5 μM in the well. The cells were stained in the incubator for 30 min and then washed three times with indicator-free medium (OptiMEM, Invitrogen) to remove excess dye before imaging. The six-well plate was transferred to the microscope stage and the cells were heated to 37°C with a continuous flow of 5% CO 2 for the duration of the experiment. All imaging experiments were typically completed within 4 h.
Fluorescence Microscopy and Spectral Imaging
All experiments were performed using a confocal laser scanning microscope (Leica TCS SP2). Confocal fluorescence and transmitted light images were recorded by exciting the samples with a continuous wave Ar þ laser at 488 nm with an average power of <1 mW through a 63× water immersion objective lens (NA 1.2, Leica). Emission spectra were recorded using the microscope by selecting a bandpass of 10 nm and measuring 100 images with the emission wavelength increasing in increments of 2.5 nm between 500 and 750 nm. Regions of interest (ROIs) for an LD-rich region, LD-absent region, and a whole cell were then selected and the corresponding spectra were constructed by using ImageJ to measure the fluorescence intensity in each ROI.
Spectrally Resolved Fluorescence Lifetime Imaging
FLIM was performed by exciting the sample using a pulsed laser diode (Hamamatsu PLP-10 470, Hamamatsu) with an optical pulse duration of 90 ps, a repetition rate of 20 MHz, and a wavelength of 467 nm, through a 63×, NA 1.2 water immersion objective lens (Leica). Fluorescence from the sample was collected back through the same objective lens onto a GaAsP hybrid detector (HPM-100-40, Becker & Hickl based on an R10467-40 GaAsP hybrid photomultiplier) 62 with the signal fed into a TCSPC card (SPC830, Becker & Hickl) in a PC. Images of 256 × 256 pixels were recorded with 256 time channels and a 50 ns window giving a time resolution of ∼195 ps per channel. Spectral ranges were selected by varying the emission filter in front of the hybrid detector. The wavelength ranges of interest measured in this study were selected using filters for 550∕40 nm (Comar), 600∕40 nm (Comar), and 650∕40 nm (Thorlabs). Acquisition times were 300 s and the count rate was kept to ≤1% of the laser repetition rate to avoid photon pile-up effects.
Data Processing
Image processing and time-resolved analysis was performed using ImageJ for the spectral imaging and TRI2 63 for timeresolved microscopy data. Phasor plots 64 were generated using TRI2 for the fluorescence lifetime imaging data. These plots gave a scatter plot spread representation of the fluorescence lifetimes in selected ROIs within the images.
Results and Discussion
Absorption and Emission Spectra and Fluorescence Lifetimes of Nile Red in Solution
In an attempt to provide a quantitative description of the polarity of the medium, we examined the variation in emission peak wavelength and fluorescence lifetime, τ, of Nile red in various organic solvents as a function of the dielectric constant, ε. We present plots of emission peak wavelength versus ε [ Fig Tables 2  and 3 , respectively, of the Appendix. The emission peak position shifts to longer wavelengths nonlinearly with increasing ε between 2 < ε < 80 with a range of ∼135 nm between 530 and 665 nm [ Fig. 1(a) ]. We use this plot to estimate the intracellular polarity from our spectrally resolved confocal fluorescence imaging data.
The variation of the fluorescence lifetime as a function of ε in protic and aprotic solvents [ Fig. 1(b) ] is slightly more complex to interpret than the emission peak data, but yields more information, including that relating to solvation dynamics. Our timeresolved data along with those of Dutt et al. 59 were recorded at an emission wavelength of 640 nm [ Fig. 1(c) ], and in our measurements of n-alcohols, the fluorescence decays are well described by a monoexponential decay function for methanol, ethanol, propanol, and butanol. However, the χ 2 value for the monoexponential fit to the hexanol sample is high and a biexponential fit is appreciably better. In the fit, the second decay component is negative, indicating a grow-in as has also been measured for Nile red in octanol and discussed in terms of a viscosity dependence of the excited state kinetics. 68 The measured lifetimes for our samples in methanol, ethanol, propanol, butanol, and hexanol are given in Table 1 . The measured fluorescence decays from the five alcohol samples with corresponding fits [ Fig. 1(d) ] and the residuals for the fitting [ Fig. 1(e) ] are shown along with a phasor plot 64 for the data [ Fig. 1(f) ]. The phasor plot of the data from the five alcohols yields data points that lie on or are very close to the universal circle. We find a decrease in the decay component of the fluorescence lifetime of Nile red from τ ¼ 4.017 ns at ε ¼ 13.3 (hexanol) to τ ¼ 2.848 ns at ε ¼ 33 (methanol) in the alcohols we measured. However, plotting our data along with data from other groups [ Fig. 1(b) ] reveals that dielectric constant values do not necessarily have unique fluorescence lifetime values, and this appears to be dependent on whether the solvents are protic or aprotic.
For protic solvents, the fluorescence lifetime decreases with increasing dielectric constant, while for aprotic solvents, the lifetime remains largely invariant as a function of dielectric constant. Thus, for a homologous family of protic solvents, such as linear alcohols measured on the red edge of their emission spectrum, it is possible to quantify the dielectric constant from the fluorescence lifetime, but this is not the case for all solvents and care must be taken if attempting to correlate fluorescence lifetimes with dielectric constants. The model we use to describe our data is one in which there are two excited state emissive pathways (Fig. 2) . Upon excitation, a locally excited (LE) state is populated. Following charge transfer, an intramolecular charge transfer (ICT) state, stabilized by solvent reorientation around the dye, is populated from the LE state. This is in accordance with the model proposed by Krishna 68 and is consistent with those of other organic polarity probes. 8, 9 The emission energy from the ICT state decreases as the polarity of the environment increases, which explains the redshift in emission wavelength in polar environments. Both the LE and ICT states are emissive, and the fluorescence decay profile is dependent on (1) the solvent reorientation rate [k or , Fig. 2(a) ], which determines the rate of population of the stabilized ICT state, and (2) the wavelength at which the decay is measured. It is primarily the emission from the ICT state that can be used to report on the polarity of the microenvironment. The chemical structure of Nile red is shown in Fig. 2(b) .
The measured monoexponential decay at 640 nm, which is on the red edge of the emission spectrum for Nile red in alcohols, is due to emission from the ICT state with little or no contribution from the LE state. We show data for spectrally resolved fluorescence lifetime measurements between 580 and 650 nm for Nile red in a 60% V/V solution of glycerol/1-propanol (Fig. 3) , where measurement on the blue edge of the emission spectrum yields multiexponential decays [Figs. 3(a) and 3(b)] due to contributions from both the LE state, with a short fluorescence lifetime, and the ICT state, with a longer fluorescence Biexponential fit to the data. lifetime. As the emission wavelength increases, the contribution from the short lifetime LE state decreases, and on the red edge, the decays are due to emission from the polarity-sensitive ICT state. The 60% V/V glycerol/propanol sample also allows us to explore the effects of viscosity on the fluorescence decay properties, and we find that the fluorescence decay properties are dependent not only on the emission wavelength in a given solvent, but also on the viscosity of the microenvironment. The contribution of the ICT state to the total emission at a given wavelength is dependent on the rate of population of the ICT state from the LE state, and stabilization of the ICT is dependent on solvent reorientation around the ICT state. In higher viscosity environments, solvent reorientation occurs more slowly, and hence, the rate of population of the ICT state is reduced. This is most evident in our data at longer emission wavelengths where there is no contribution from the LE state and there is a negative amplitude grow-in component to the decay, which is due to population of the ICT state from the LE state after excitation [ Fig. 3(b) ]. If the rate of population of the ICT state is more rapid than the decay of the LE state, then there is a smaller contribution to the total emission from the LE state. Conversely, if the rate of population of the ICT state is slower than the emission from the LE state, then the LE state will dominate the total emission. We can select which of these states we measure by their emission wavelengths. Normalized time-resolved emission spectra from integrating the spectrally resolved decays show a clear shift in the emission peak toward the red as a function of time after photoexcitation [ Fig. 3(c) ]. A phasor plot of the data shows that the grow-in evident at longer wavelengths leads to data points outside of the universal circle [ Fig. 3(d) ], while the majority of the data points lie inside the universal circle, and all of them can be described using multiexponential decay models. Multiexponential decay fit parameters for the decays in Fig. 3(a) are given in Table 4 of the Appendix. Thus, due to the complex photophysics, care has to be taken when interpreting Nile red spectral and lifetime images in cells, taking into account at which emission wavelength the FLIM images were acquired.
Confocal Imaging Emission Spectra
Transmitted light [ Fig. 4(a) ] and confocal fluorescence images [Figs. 4(b)-4(d) ] of living HeLa cells stained with Nile red show that the distribution of the fluorescence is characterized by a bright punctate distribution of the dye and a more diffuse distribution, which is most intense in the perinuclear region. The puncta correspond to staining of LD while the diffuse internal membrane staining most likely includes the ER, 61 from which the LD are believed to bud. 69 This is consistent with Nile red staining reported in the literature. 30 The contrast between the LD and the rest of the cell is most pronounced at 550 AE 20 nm [ Fig. 4(b) ]. In this case, fluorescence from the LD is significantly more intense than from other regions. As the measured emission wavelength gets longer, from 550 to 600 nm [ Fig. 4(c) ] to 650 nm [ Fig. 4(d) ], the fluorescence from the LD remains intense, but the intensity of the emission from the other lipidrich regions increases, leading to lower contrast between the two regions in the images.
Fluorescence spectra of the ROIs outlined in Fig. 4 (b) (i and ii) are shown in Fig. 4(e) . The spectrum measured using all pixels in the image (top panel, black data points) is broad, with a single peak centered at 635 nm. The emission spectra from ROI-i [ Fig. 4(e) , middle panel, red data points] and ROI-ii [ Fig. 4(e) , bottom panel, blue data points] show that the peak position of the diffuse staining emission (635 nm) is redshifted relative to the peak position of the LD emission (600 nm). All spectra can be adequately fitted using two Gaussian functions centered at 585 and 640 nm, corresponding to contributions from the LD (ε ∼ 5) and other internal membranes (25 < ε < 40), respectively, with the values of ε found from the spectral calibration plot, Fig. 1(a) . The value of the lower bound for the other membranes is close to the value found by other authors for the endoplasmic reticulum, ε ¼ 18.5. 
Spectrally Resolved Fluorescence Lifetime Imaging
Our FLIM data are presented as phasor plots (Fig. 5) , for which no exponential fitting model is required, and no prior assumptions regarding decay models need be made. 64 Each data point on the phasor corresponds to the fluorescence lifetime of a single pixel in the image. Monoexponential decays yield data points that lie on the universal circle.
The phasor plots for the spectrally resolved FLIM data show striking differences as a function of emission wavelength. Looking first at the data from living cells at 550 nm emission [ Fig. 5(a) ], the data lie within the universal circle, indicative of a mulitexponential decay. At 600 nm [ Fig. 5(b) ], the data lie closer to the universal circle but still inside. At 650 nm [ Fig. 5(c) ], some of the data points lie inside the universal circle, some outside of the circle, and some on the circle. The presence of data points outside the circle can be explained by the presence of a negative amplitude decay component, a grow-in, in the fluorescence decays at this wavelength. This is due to delayed fluorescence from the ICT state. This phenomenon has also been seen for Laurdan, a dye that also undergoes an excited state reaction, and has been used to measure variations in dipolar relaxation in membranes. 70 At every wavelength in our phasor plots, there is an almost straight line distribution of data points and the average lifetime increased as the emission wavelength increased, as shown by the data points shifting counterclockwise around the universal circle. Plotting the data from all three emission wavelengths on the same phasor [ Fig. 5(d) ] along with the corresponding data points for Nile red in five alcohols [from Fig. 1(d) ], we see that there is a small amount of overlap in the phasor data between 550 and 600 nm, and also between 600 and 650 nm. Interestingly, the data for all wavelengths cannot be considered to fall upon a common cord on the plot (as would be the case for a biexponential decay). Thus, we conclude that while emission may only occur from the LE and ICT states, the absolute emissive LE and ICT energies arising from the distribution of polarities within each intracellular microenvironment are variable. This yields more complex kinetics than can be described by simple biexponential decays globally across all emission wavelengths. This may be due to the relatively high intracellular viscosity, evidenced by the data points outside the universal circle, leading to time-dependent excited state kinetics, with spectral relaxation occurring in the ICT state. Such kinetics have been observed previously for other charge-transfer dyes. 71 This is a potentially interesting facet of the Nile red photophysics. The counterclockwise shift of the data points is indicative of the additional decay component that is related to the solvent reorientation and leads to delayed fluorescence from the ICT state. The rotation of phasor plots as a result of dipolar relaxation has also been reported recently. 70 However, we do not find that rotation of the phasor plot leads to overlap of the data points at each emission wavelength.
We have plotted the five data points from our alcohol solution measurements made at 640 nm [ Fig. 1(f) ] on the same phasor plot as the intracellular data [ Fig. 5(d) ]. In the region where the data points from the cell measurements made at 650 nm lie on the universal circle, we can estimate values of the dielectric constant by comparison of the data points on the universal circle from the solution measurements. For the cell measurements, the data points on the universal circle are assumed to arise primarily from the lipid-rich regions of the cell, which are not LDs, and these points lie between the methanol and ethanol data points. We can, therefore, estimate a value for the dielectric constant of 25 < ε < 33 in the corresponding microenvironments. This is in good agreement with the range we found using the spectral plot in Fig. 1(a) .
In order to investigate the influence of the position of the dye within the cell (i.e., within LDs and in other internal lipid-rich regions), we examined the phasor plots for the whole image By zooming-in on the resulting phasor plots using the data recorded at 550 nm [Figs. 6(d), 6(h), and 6(l)] corresponding to the regions in the red boxes in Figs. 6(a), 6(e), and 6(i), it is clear that an asymmetric distribution of data points extending toward the shorter lifetime region (right hand side) of the universal circle originates exclusively from the LDs. This is the case for all wavelengths. Furthermore, the tail of the distribution, which extends toward longer lifetime contributions (counterclockwise around the universal circle), is absent for the LDs. From these data, it is clear that Nile red in LDs has more dominant short lifetime components than the dye in other regions of the cell, indicative of a greater contribution from the shorter lifetime LE state, as expected from the emission spectra [ Fig. 4(e) ]. The fluorescence intensity images corresponding to the three emission wavelength regions at 550 nm, 600 nm, and 650 nm are shown in Fig. 6 m, n, and o.
Using this knowledge of the lifetime characteristics of the dye in the cell, we can select regions of the phasor for which the data points correspond to short lifetimes and thus the LDs. In this way, the lipid droplets are identified purely by their fluorescence lifetime.
We are able to identify LDs in living cells by thresholding our phasor plot, selecting only data points for which u > 0.90 at 550 nm [ Fig. 7(a) ], where u is the horizontal vector component of the phasor. The threshold value is shown by the red solid lines. The intensity image at 550 nm [ Fig. 7(b) ] is used to demonstrate the specificity of the phasor plot thresholding, which yields the green data points shown as an overlay with the intensity images for short emission wavelengths (550 nm) [ Fig. 7(c) ]. It is clear that even without using a fitting model, we can identify LDs simply from the time-resolved fluorescence response. This is particularly valuable in instances where contrast in intensity images is limited.
In order to explore differences in lipid-rich region fluorescence lifetimes further, we examined the fluorescence decays in our spectrally resolved live cell images with spatial masking to either explicitly include or exclude LDs. For each emission wavelength measured, the decay from the LDs is clearly faster than the decay from the other stained regions [ Figs. 8(a)-8(c) ], in agreement with the phasor analysis. In each case, the decay profiles are complex, and it is clear from the distribution of data points in the phasor plots that there is a distribution of fluorescence lifetimes. The contribution of the short lifetime decay components evident at 550 nm is increasingly less significant as the emission wavelength increases to 600 and 650 nm. From the energy level diagram (Fig. 2) , we assert that the short lifetime component is due to emission from the LE state and that we spectrally filter out this component as we measure at longer emission wavelengths.
We also see that in the decays from both the LDs [ Fig. 8(d) ] and the other lipid-rich regions [ Fig. 8(e) ], the average fluorescence lifetime increases with increasing emission wavelength. Perhaps most importantly, by looking only at the early decay points [ Fig. 8(f) defined by the blue rectangle in Fig. 8(e) ], we see that there is evidence for the grow-in component in the decay at 650 nm. The peak of the transient in the blue curve for the 650 nm data occurs at a later time than the peaks at shorter wavelengths. From our data of Nile red in glycerol/1-propanol shown in Fig. 3 , we can interpret this as an indication that the microenvironment in the lipid-rich regions is viscous and also that it appears to be more viscous than in the LDs where the effect of the grow-in is not readily apparent. The grow-in is indicative of a negative amplitude fluorescence decay component corresponding to population of the ICT state. A more viscous environment would lead to slower relaxation of the solvent molecules stabilizing the ICT state and a lower rate constant for population of the ICT state, resulting in a longer lifetime for the grow-in component. The more prominent growin for the diffuse stained region is indicative of a more viscous microenvironment.
Conclusion
In this work, we have shown the feasibility of mapping intracellular polarity using spectrally resolved confocal fluorescence imaging and spectrally resolved fluorescence lifetime imaging microscopy. LDs can be distinguished from other lipid-rich intracellular regions by virtue of the shorter wavelength peak position of Nile red emission. Our data show that the complex excited state photophysics of Nile red means that care must be taken when interpreting fluorescence lifetimes of the dye. We find that in contrast to low viscosity solvents, a monoexponential fit of the Nile red fluorescence decay in cells is not possible. From data available in the literature, a reduction in the fluorescence lifetime in LDs could be interpreted as an increase in the polarity, in contrast to the lower polarity shown from the emission spectrum. However, the data were measured on the red side of the emission spectrum in each case. We have measured shorter average fluorescence lifetimes in intracellular LDs compared to other stained regions, likely including the ER. We note here that due to the structure of the dye, we are most likely sampling a range of lipid-rich environments within each of the stained regions. The spread of points in our phasor plots is indicative of a range of values associated with a range of local environments being probed by the dye. We propose that the shorter average lifetime of the dye in LDs, which have a lower polarity as shown by the emission spectrum, is likely due to a higher relative population of the LE state. By using a plot of emission wavelength peak versus dielectric constant in various solvents, we can estimate the intracellular dielectric constants to be ε ∼ 5 in LDs and 25 < ε < 40 in other lipid-rich regions. The dye also exhibits a shorter fluorescence lifetime component in LDs. The latter has allowed us to simply map LDs from phasor plots of FLIM data. In biexponential fits to the decays, we have also observed the presence of negative amplitude decay components, which are characteristic of a viscous microenvironment. From our data, we conclude that LDs have a lower viscosity than the other stained lipid-rich regions in our images. The ability to probe the intracellular microenvironment using FLIM could allow us to distinguish between LD and the membrane regions from which they are formed, which may help in the understanding of LD biogenesis.
Appendix
Literature values for emission maxima wavelengths and fluorescence lifetimes for Nile red in various solvents corresponding to the plots in Fig. 1 are given in Tables 2 and 3 , respectively. Fluorescence decay fit parameters for corresponding to the time-and spectrally resolved data in Fig. 3 are shown in Table 4 . 
